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Abstract—\We describe a calibration and measurement proce- from the fiber onto the detector under test. The photodiode
dure for determining the intrinsic frequency response of gigabit was designed to block light falling outside its active region.
chip photodiodes embedded in simple test fixtures. The procedure Dispersion in the optical fiber broadened the optical pulse to

is unique because we make the measurements in the time domain . .
using a calibrated oscilloscope, and we then apply frequency-do- about 4 ps FWHM, which was negligible compared to the

main mismatch corrections to remove the effects of the fixture, response times of our chip photodiodes. The optical system was
bias T, and cables from the measurements. We demonstrate the designed to make optical reflections between the photodiode,
procedure on photodiodes with an active region of approximately |enses, and fiber negligible.
1504m diameter excited by short 800-nm wavelength optical We calibrated the phase response of our sampling oscillo-
pulses. scope, which has a 50-GHz bandwidth, with the “nose-to-nose”
Index Terms—Equivalent circuits, frequency response, measure- calibration procedure [1]-[4]. The calibration included correc-
ment, photodetectors, photodiodes. tions for time—base distortion [5], impedance mismatch [4], [6],
time—base drift [7], and time—base jitter [8]. We calibrated the
I. INTRODUCTION magnitude response of our oscilloscope by direct comparison to
E DEVELOPED a procedure for rigorous calibratior* calibrated bower meter [4.]’ [6]. . Lo
We normalized the resulting oscilloscope calibration so that

and measurement that determines the frequency [e- ) .
sponse of chip photodiodes embedded in simple test fixturéﬁ?? oscilloscope measurés, the voltage that a source with a

. . L <) impedance would deliver to a matched 80ead. Thus,

Such photodiodes are commonly used in applications such.

A . while V. has been corrected for the frequency response and

as gigabit Ethernet and Fibre Channel. In our measuremen . .

. . . o IMe—base errors of the oscilloscope, it has not been corrected
we excite the photodiode with an optical impulse source a ) . . .
: . . or the impedance mismatch of an arbitrary source. This further
measure the combined impulse response of the photodiode, tést . ; : : ) : )

X . ” correction will be discussed in Section IV. The oscilloscope cali-
fixture, and cable assembly (bias T, cable, and adapters) usi ; o . X :
calibrated oscilloscope. We then convert the measured impufeg. o> &€ band-limited, 4 is a frequency-domain quantity.

P PUSGve connected the photodiode, test fixture, and cable as-

response into the frequency domain and de-embed the rESposr(]eSrfe]bly sketched in Fig. 1 to our sampling oscilloscope and

of the fixture and cable assembly with rigorous microwave . .
. . easured the response of the entire system to the optical pulses
methods. This allows us to fully calibrate the measurements

. . T over a time period of 10 ns, just under the repetition period of
and to directly determine the photodiode’s intrinsic frequen%/ . :
response ur laser. Fig. 2 shows the measured waveform after averaging

and correcting for time—base distortion [5]. Since the optical
pulses are extremely short, we can reasonably assume that the
measured waveform is that of the convolved impulse responses
of the photodiode, test fixture, and cable assembly. The mea-
Fig. 1 shows our experimental configuration. We used sared waveform also includes multiple reflections between the
mode-locked, Ti:sapphire laser which provided pulses wittscilloscope, cable assembly, photodiode test fixture, and the
full-width at half-maximum (FWHM) of less than 100 fs at aphotodiode itself. The solid curve in Fig. 3 shows the Fourier
wavelength of 800 nm and a repetition rate of approximatefsansform of the pulse shown in Fig. 2 with correction for the
80 MHz. We split the laser beam to simultaneously provide arscilloscope’s frequency-domain response. The small ripple
optical pulse to the detector under test in one arm and a triggesughness) in the frequency-domain data is due to the multiple
signal for the oscilloscope in the other arm. The sample amsflections.
contained a 2-m length of single-mode fiber, with the output
coupled into a gradient-index lens, which focused the light |ll. CHARACTERIZATION OF CABLE ASSEMBLY AND TEST
FIXTURE
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Fig. 1. Simplified schematic of the time-domain measurement system. The fiber has angled ends and the lenses have antireflection coatirigsialéfieina
optical pulses.

1.0 4 -

0.8 1 -

0.6 -1

0.4 -

Time-Domain Signal (arb)

0.2 -

Time (ns)

Fig. 2. Typical measured time-domain waveform after averaging and corrections for time—base distortion. Only the first 6 ns of the 10-ns reefwdedsvav
shown.

the other end of the wire to the center conductor of the SMéiodes, and measured their reflection coefficients at frequencies
mount. up to 6 GHz. The short-circuited fixture had a bonding wire be-
We used a frequency-domain vector network analyzer to méareen the photodiode mounting block and the SMA center con-
sure the scattering parameté‘r%. of the cable assembly directly. ductor. The open-circuited fixture had no wire bond at all.
However, we were unable to measure the two-port scattering/Ve found the length of the 50-coaxial transmission line of
parameters of the test fixture in which we mounted the photodire model of Fig. 4(b) from the phase of the measured reflec-
odes, since we were unable to form direct electrical connectiaitn coefficient of the open-circuited fixture. We modeled the
to the terminals. To circumvent this problem, we developediaternal impedance?; of the bonding wire as that of a cylin-
simple electrical model of the test fixture from measurementisical wire with finite conductivity, using the analytic expres-
of reflections at its single coaxial port. sion [9]
Fig. 4(b) shows the electrical model we developed for the test
fixture. To determine the model elements we fabricated open- —TJo(T'ro)
o Sslafline . = (1)
circuited and short-circuited fixtures with no embedded photo- 2o (T'ro)
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Fig. 3. Frequency response of the photodiode. The solid cuie &nd the dashed curve 1§, the response with the correction described in (4). The curves

are normalized to 0 dB at 100 MHz.
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match the phase of the reflection coefficient of the short-cir-
cuited fixture. Figs. 5 and 6 compare the measurements to their
modeled values.

The resulting model parameters did not agree closely with the
values we expected from physical measurements of the coaxial
line’s length and wire bond’s length and diameter. However,
we may have overestimated the length of the coaxial line in
the model, since we used an open-circuited measurement that
included fringing capacitance at the end of the fixture. Also,
the conducting epoxy used in constructing the fixture may have
added some loss not accounted for in the model, which requires
the modeled wire’s diameter to be smaller or length to be longer
than that of the actual wire. Nevertheless, the model did repro-
duce our measurements reasonably well, so we used the model
to estimate the two-port scattering-parame@f§ of the test
fixture.

IV. CABLE-ASSEMBLY AND TEST-FIXTURE DE-EMBEDDING

We determined the actual (frequency-domain) voltage
that the photodiode would deliver to an ideal 80oad with
small-signal excitation using the voltagé measured by our

Fig. 4. (a) Sketch of our coaxial test fixture. (b) Electrical model of the tegi@librated oscilloscope and our frequency-domain fixture model

fixture with standard terminations.

whereryg is the wire radiusg is the bulk conductivity (3.2&
10" Q~!. m~1) of the bond wireI? = iwpgo, o is the per-
meability of free spacey is the frequency in radians, afg(x)

and.J{(z) re zeroth-order Bessel function and the Bessel fun

and cable assembly measurements. Fig. 7 shows a simplified
equivalent circuit for the measurement system and illustrates the
various reference planes we used to define the measured and cal-
culated scattering parameters.

We determined the reflection coefficieny, of the photo-
gi_ode from the measured reflection coefficiéit of the diode

tion's derivative, respectively. We adjusted the radius and lendfPunted in a test fixture using the relation [10], [11]
of this wire to best match the loss of the short-circuited fixture. (T — ST))

Finally, we adjusted the external inductanite of the wire to

r, = )
P SE(Tm — ST + S5.S5T,
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Fig. 5. Measured and modeled reflection coefficient magnitudes of fixture with open and short terminations.
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whereSF represents the two-port scattering parameters of tinnere [10], [11]
test f|xture. Fig. 8(a) illustrates the equivalent circuit used to
defineVsq, which we found from the relation
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Fig. 7. Simplified circuit model of the photodiode, test fixture, cable assembly, and oscilloscope used for de-embedding unwanted effects.

HereS’ is the scattering parameter matrix corresponding to the (@ z
cascade of the scattering parame@;ﬁsof the fixture and the
scattering paramete@? of the cable assembly, which we cal-
culated with the formulae of [10] and [11]. That i, is the scat- @ Vs0
tering-parameter matrix of the fixture combined with the cable

assemblyl’, is the reflection coefficient of the oscilloscope. The

frequency-domain correctiof, is dimensionless and describes (b) 7

how transmission through and multiple reflections between the
fixture and cable assembly modify the wave generated by the

photodiode. Vr

V. NORTON-EQUIVALENT CURRENT AND
THEVENIN-EQUIVALENT VOLTAGE (©

We also determined the photodiode’s Norton-equivalent cur-
rent iy, the small-signal current the photodiode delivers to a iNT 3
short circuit, and its Thévenin-equivalent voltadge the small-

signal voltage it generates across an open circuit. Fig. 8(b) and

(c) show the equivalent circuits used in defining the Nortonsg g (a) circuits used to calculate the voltage delivered to an idefl 50-
equivalent current and Thévenin-equivalent voltage. We foundd. (b) the Thévenin-equivalent voltae. (c) Norton-equivalent currenty .

the photodiode’s Thévenin-equivalent voltage by solvingfpr

in terms ofVo Fig. 9 compares the corrected frequency response of the
voltage Vo delivered to a 502 load (dashed line), to that of

I+ 7y P ) .
Vo = Vso - % (5) the Thévenin-equivalent voltagér (dash/dot line) and the
T Norton-equivalent curreniy (solid line) as defined in (5)
where the photodiode’s source impedaiteis and (7): all of the responses are normalized to 0 dB at 100
MHz. The Thévenin-equivalent voltage rises rapidly at the low
1+T, frequencies and falls off faster tharyy at high frequencies.
Zp =2 1-T, ®) Combining (6) and (7) to give
andZ, = 50 2. We found the photodiode’s Norton-equivalent Vp = Vsoi (8)
current by solving for the current in Fig. 8(c) as 1-Tp
Vi Vio Zp+ Z shows that, at low frequencies, where the reflection coefficient

(7)  ofthe photodiode approachesii; approaches infinity. In prac-
tice, Vi gets very large at low frequencies, but must be kept
much smaller than the bias voltage to maintain our small-signal
assumptionVr is also sensitive to small errors in the measure-
ment of',, and, thus, is usually not a convenient measure of

The dashed curve in Fig. 3 shows the photodiode’s frequenglyotodiode performance.

responsé’;o determined from (3). This is the magnitude of the The Norton-equivalent current is well behaved at the lower

voltage that the photodiode would deliver to an ideatb®ad. frequencies since it reduces to

The response is presented from 0.1 to 6 GHz, over the same

region where we believe the fixture model to be valid. The re- L Vo 2

sponse curve is normalized to 0 dB at 0.1 GHz, which is the N Z. 1 +I

lowest frequency point at which we are able to correct the data.

The detector’s electrical bandwidth (the frequency where tla@d is not singular fof', — 1. This is why reverse-biased pho-

normalized electrical power is3 dB) is 1.4 GHz. todiodes are usually considered current sources. The vdliage

DA A A

VI. CORRECTEDFREQUENCY RESPONSE

9)
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Fig. 9. Corrected frequency response of the voltige delivered to a 532 load (dashed line), the Thévenin-equivalent voltage(dash/dot line), and the
Norton-equivalent currenty (solid line). All responses are normalized to 0 dB at 100 MHz.
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